
BBA - Molecular and Cell Biology of Lipids 1868 (2023) 159329

Available online 6 May 2023
1388-1981/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

The protective role of peroxisome proliferator-activated receptor gamma in 
lipotoxic podocytes 

Almudena G. Carrasco a, Adriana Izquierdo-Lahuerta a,*, Ángela M. Valverde b,c,d, Lan Ni e, 
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A B S T R A C T   

Podocytes are specialized epithelial cells that maintain the glomerular filtration barrier. These cells are sus-
ceptible to lipotoxicity in the obese state and irreversibly lost during kidney disease leading to proteinuria and 
renal injury. PPARγ is a nuclear receptor whose activation can be renoprotective. This study examined the role of 
PPARγ in the lipotoxic podocyte using a PPARγ knockout (PPARγKO) cell line and since the activation of PPARγ 
by Thiazolidinediones (TZD) is limited by their side effects, it explored other alternative therapies to prevent 
podocyte lipotoxic damage. 

Wild-type and PPARγKO podocytes were exposed to the fatty acid palmitic acid (PA) and treated with the TZD 
(Pioglitazone) and/or the Retinoid X receptor (RXR) agonist Bexarotene (BX). 

It revealed that podocyte PPARγ is essential for podocyte function. PPARγ deletion reduced key podocyte 
proteins including podocin and nephrin while increasing basal levels of oxidative and ER stress causing apoptosis 
and cell death. A combination therapy of low-dose TZD and BX activated both the PPARγ and RXR receptors 
reducing PA-induced podocyte damage. This study confirms the crucial role of PPARγ in podocyte biology and 
that their activation in combination therapy of TZD and BX may be beneficial in the treatment of obesity-related 
kidney disease.   

1. Introduction 

Peroxisome proliferator-activated receptors (PPARs) are ligand 
activated nuclear hormone receptors that control and modulate multiple 
cellular functions by activation or repression of target genes. PPARs are 
class 2 nuclear receptors that anchor to retinoid X receptors (RXRs) 
forming permissive heterodimers, which bind to the PPAR response 
element (PPRE) in the promoter region of target genes, to control their 
expression [1]. Among the three isoforms of PPAR (PPARα, PPARβ/δ 

and PPARγ), PPARγ is a master regulator of adipogenesis and fat storage 
in adipose tissue through transcriptional regulation of various genes. In 
addition, PPARγ modulates a broad range of pathophysiological pro-
cesses, including insulin sensitization, cellular differentiation, and can-
cer mitosis [1,2]. In humans, the PPARγ gene is located on chromosome 
3, and 4 splice variants are generated by alternative splicing and dif-
ferential promoter usage [3,4]. However, only two protein isoforms (γ1 
and γ2) are encoded. PPARγ1 is widely expressed in tissues, including 
white and brown adipose tissue, skeletal muscle, liver, pancreatic cells, 
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Contents lists available at ScienceDirect 

BBA - Molecular and Cell Biology of Lipids 

journal homepage: www.elsevier.com/locate/bbalip 

https://doi.org/10.1016/j.bbalip.2023.159329 
Received 26 December 2022; Received in revised form 16 March 2023; Accepted 20 April 2023   

mailto:adriana.izquierdo@urjc.es
mailto:gema.medina@urjc.es
www.sciencedirect.com/science/journal/13881981
https://www.elsevier.com/locate/bbalip
https://doi.org/10.1016/j.bbalip.2023.159329
https://doi.org/10.1016/j.bbalip.2023.159329
https://doi.org/10.1016/j.bbalip.2023.159329
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbalip.2023.159329&domain=pdf
http://creativecommons.org/licenses/by/4.0/


BBA - Molecular and Cell Biology of Lipids 1868 (2023) 159329

2

macrophages, colon, bone, placenta and kidney [4]. By contrast, 
PPARγ2 expression is restricted. It is found in white and brown adipose 
tissue under physiological conditions, although it can be induced in 
other tissues in response to overnutrition or genetic obesity. 

Recently, it has been shown that PPARγ is crucial in renal meta-
bolism (glucose, lipid and mineral metabolism) [4]. Our group has 
previously studied the POKO mouse model of the metabolic syndrome 
generated by ablation of the PPARγ2 isoform in a leptin-deficient obese 

Fig. 1. PPARγ is essential for the proper functioning of the podocyte. Representative micrographs of the immunofluorescence for (A) PPARγ and (B) Nephrin in 
control and PPARγKO podocytes, Magnification 400×. (C) Relative mRNA expression of PPARγ1 and 2, Podocin (NPSH2) and Nephrin (NPSH1) in control and 
PPARγKO podocytes. Data are shown as mean ± SEM (n = 3). **p < 0.005 versus Control podocytes; ***p < 0.001 versus Control podocytes. 
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(ob/ob) background. This model exhibits accelerated renal damage due 
to glucolipotoxic effects associated with the metabolic syndrome and 
insulin resistance [5]. Several renal cell types have endogenous PPARγ 
expression, including mesangial, renal microvascular endothelial cells 
and podocytes [4]. Podocytes are key cells in maintaining the integrity 
of the glomerular filtration barrier. They are insulin sensitive cells 
(Welsh Cell metabolism reference) and affected by lipotoxic processes 
[6]. Previous work by our group showed palmitic acid (PA) induces 
podocyte damage characterized by insulin resistance, inflammation, 
oxidative and endoplasmic reticulum (ER) stress [7]. Furthermore, it has 
been shown that the podocyte-specific PPARγ-deficient mice challenged 
with nephrotoxin develop glomerulonephritis with crescent formation, 
which is not alleviated by the administration of thiazolidinedione (TZD), 
an agonist of PPARγ [8]. 

TZD are used as antidiabetic drugs, and they have renoprotective 
effects [9]. TZDs administration has been shown to reduce proteinuria in 
acute nephrotic syndrome through the regulation of α-actinin-4 and 
nephrin in a PPARγ-dependent manner [9]. Pioglitazone belongs to the 

thiazolidinedione class and has been used for the treatment of type 2 
diabetes mellitus (T2DM) to improve glycemic levels. Pioglitazone has 
been shown to alleviate the renal damage by reducing renal fibrosis, 
oxidative stress and inflammation in obese rats [10]. Importantly, this 
effect is independent of improvement in glycemic control or body 
weight of the animals. When tested in vitro in a podocyte cell line, 
pioglitazone restored the apoptosis and necrosis damage caused by the 
administration of puromycin aminonucleoside (PAN) [11]. It also 
restored the expression of differentiation markers of podocytes in 
conditionally immortalized cell lines and isolated glomeruli [11,12]. 
Pioglitazone has also been shown to increase mitochondrial numbers 
and function in nutrient deprived immortalized human podocytes [13]. 
Among other nuclear receptors ligands, agonists of retinoic acid or the 
retinoid receptors (RXR) have also been shown to have renoprotective 
effects as well as promote normal renal development through the action 
of vitamin A [14]. 

Unfortunately, PPARγ agonists have significant side effects, espe-
cially when administered at high doses [15]. Therefore, combination of 

Fig. 2. Relative mRNA expression (A) and protein expression (B) of Nuclear Receptor genes and Retinol Binding Proteins (C) in Control and PPARγKO podocytes. 
FXR, Farnesoid X receptor; LXR, liver X receptor; PPAR, peroxisome proliferator-activated receptor; PGC1, peroxisome proliferator-activated receptor gamma 
coactivator 1. RAR, retinoic acid receptor; RBP1, retinol binding protein 1; RBP4, retinol binding protein 1; RBP7: retinol binding protein 7; RXR, Retinoid X Re-
ceptor. Data are shown as mean ± SEM (n = 3). *p < 0.05 versus Control podocytes. 
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these agonists with other molecules has been explored [16–18]. Finally, 
pioglitazone has been also combined with the RXR agonist bexarotene in 
the treatment of lung cancer, exhibiting synergistic effects [19,20] 
supporting its combined use in this work. 

In this study, we used an in vitro approach to understand the role of 
PPARγ in the lipotoxic podocyte. Furthermore, we explored the benefit 
of combining PPARγ and RXR ligands in this renal cell type. 

2. Materials and methods 

2.1. Cell lines, culture and treatments 

To generate a conditionally immortalized mouse PPARγfloxed 
podocyte cell line, we obtained the kidneys from PPARγfloxed mice [21] 
kindly provided by Frank J. Gonzalez (Laboratory of Metabolism, Na-
tional Cancer Institute, National Institutes of Health, Bethesda, MD, 
USA). From these kidneys, a conditionally immortalized PPARγfloxed 
podocyte line was engineered as done previously [22,23]. The cell line 
was maintained in RPMI 1640 Sigma-Aldrich (St. Louis, MO, USA) 
supplemented with 10 % FBS and penicillin (100 U/mL)/streptomycin 
(100 μg/mL). The PPARγfloxed podocyte line proliferates at 33 ◦C and 
becomes quiescent and differentiates when thermo-shifted to 37 ◦C. 
Differentiation requires 10–14 days. 

To achieve PPARγ deletion, 3 × 104 podocytes PPARγfloxed were 
seeded on 6-well plate, 12h after plating cells were infected with 200 

MOI of Cre recombinase adenovirus vector (Vector Biolabs) in 200 μl 
RPMI with 10 % FBS, 1 h after addition of viral particles the media was 
supplemented with 400 μL medium and 10 % FBS. After 24 h, the me-
dium was changed, and cells were allowed to grow for 72 h. Subse-
quently, Real time PCR and immunofluorescence was used to select the 
clone with the lowest expression of PPARγ 1 and 2, and it was subcloned 
to obtain PPARγKO podocytes (Fig. 1A). 

All experiments were performed after 12 h of serum starvation. 
Passage numbers 6 to 12 were used for all experiments and were per-
formed at least 3 times. 

Palmitate (PA) treatment was performed as described previously [7]. 
Briefly, 20 % fatty acid-free BSA solution was heated to 37 ◦C before the 
addition of a 100 mM PA stock solution dissolved in ethanol. The so-
lution was heated to 37 ◦C until clear and diluted with RPMI 1640 to 
give a final concentration of 5 % BSA, 1 % ethanol and 500 μM PA. The 
solution was filter sterilized (0.2 μm pore size) before being added onto 
the cells. The control for palmitate (vehicle) was RPMI 1640, 5 % fatty 
acid-free BSA and 1 % ethanol. 

Bexarotene from LC Laboratories (Woburn, MA, USA) was added at 
1 μM to RPMI with PA (500 μM) by 24 h. Pioglitazone (Takeda-Lilly, 
Madrid, Spain) was added at 0.1 μM to RPMI with PA (500 μM) by 24 h. 
The combined therapy consisted in Bexarotene 0.5 μM and Pioglitazone 
0.05 μM add to RPMI with PA (500 μM) by 24 h. 

To perform the insulin stimulation assay, differentiated podocytes 
were maintained in serum-free medium for 18 h. Then the cells were 

Fig. 3. Lipidic metabolism is dysregulated in PPARγKO 
podocytes. Relative mRNA expression (A) and protein 
expression (B) of lipid metabolism genes: ABCA1, ATP 
Binding Cassette Subfamily A Member 1; CPT1, carnitine 
palmitoyltransferase 1; FAS, Fatty acid synthase; PPAR, 
peroxisome proliferator-activated receptor; SREBP1, ste-
rol regulatory element-binding protein 1. Data are shown 
as mean ± SEM (n = 3). *p < 0.05 versus Control podo-
cytes. C: Representative BODYPI staining in podocytes and 
colour quantification after dye elution, (n = 3 experi-
ments); original magnification: 400×. D: Representative 
photographs of immunohistochemistry of Perilipin 2 (n =
3 experiments); White arrows show perilipin 2 in lipid 
droplets inside podocytes. Original magnification: 400×.   
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incubated without or with PA (500 μM) plus treatment for 24 h. Sub-
sequently, cells were washed, and insulin was added for 5–10 min to a 
final concentration of 100 nM. 

2.2. mRNA extraction and quantitative RT-PCR 

RNA extraction, quantification and retro-transcription was per-
formed as described [5]. cDNA was also prepared from the conditionally 
immortalized mouse podocyte cell line, used for in vitro experiments. All 
quantitative RT-PCR assays were performed in duplicate for each 

sample. β-actin, 36b4 and 18s were used as housekeeping genes. To 
validate housekeeping genes, we used the BestKeeper software tool [24]. 
All primers are listed in Table S1. 

2.3. Protein extraction and Western blotting 

The cells were washed twice with ice cold PBS and scraped into RIPA 
buffer plus protein inhibitors. The protein concentration was deter-
mined by Bradford method. Proteins were separated on 10 or 12 % SDS- 
PAGE and transferred to nitrocellulose membranes. Membranes were 

Fig. 4. PPARγKO podocytes do not develop insulin resistance in the presence of palmitic acid. A: Representative immunoblot and quantification of pAkt(Ser473) 
protein extracts of PA-treated podocytes plus 100 nM insulin. Levels were normalized to total protein kinase B (tAkt), i.e., pAkt/tAkt; (n = 3 experiments); *p < 0.05 
versus VH of Control podocytes; #p < 0.05 versus VH of PPARγKO podocytes. B: Representative photographs of immunohistochemistry of glucose transporter-4 
(GLUT 4) (n = 3 experiments); White arrows show GLUT4 in cytoplasm or translocated to membrane by insulin signaling. Original magnification: 400×; VH: 
Vehicle; I: Insulin; PA: Palmitic acid. 
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blocked and probed with the following antibodies: anti-β-actin (Sigma), 
anti-Bcl-2, anti-PAI-1, anti-SREBP, anti-TNFα and anti-VDR (SantaCruz); 
anti-collagen 3, anti-RXRα, anti-RXRβ, anti-podocin and anti-TGF-β1 
(Abcam Inc.); anti-PPARα (Thermofisher); anti-phospho-AKT (Ser) and 
anti-total-AKT (Cell Signaling). The protein band density was measured 
using the ImageJ 1.45 software (National Institutes of Health, Bethesda, 
MD). The amount of protein under control conditions was assigned a 
relative value of 100 %. 

2.4. Measurement of superoxide production 

The effect of PA on superoxide production dihydroethidium (DHE; 
Sigma, St. Louis, Mo) was performed with a method described by 
Jiménez-Altayó et al. [25]. Dihydroethidium (DHE) is a fluorescent 
superoxide-anion probe (Beyotime, China). Following uptake by living 

cells, intracellular superoxide anions act on DHE to dehydrogenate it to 
ethidium that combines with DNA or RNA to generate red fluorescent 
DHE. DHE fluorescence occurs at excitation wavelength of 488 nm and 
an emission wavelength of 535 nm. Podocytes were seeded on coverslips 
in 24-well plates and treated for 24 h with vehicle or PA plus treatment. 
Then, cells were exposed to 10 μM DHE dissolved in RPMI 1640 for 30 
min at 37 ◦C. To analyze the changes in fluorescence by PA treatment, 
we assigned 1 point to vehicle fluorescence emission. Fluorescence was 
measured using a 40× objective of a fluorescence microscope (Axiophot 
Zeiss). Then, we quantified the red fluorescence of all nuclei found per 
image (3 coverslips per treatment/3 fields/6 photographs of each) using 
image software AxioVision Software 4.6, Carl Zeiss. (N = 3 
experiments). 

We used MitoSOX-based flow cytometry for detection mitochondrial 
ROS production in podocytes. MitoSOX Red (Invitrogen, Grand Island, 

Fig. 5. Relative mRNA expression and protein expression related with inflammation (A and B) and Fibrosis (C and D) in Control and PPARγKO podocytes. A: Relative 
mRNA expression of genes related with inflammation; B: Protein expression related with inflammation; C: Relative mRNA expression of genes related with fibrosis; D: 
Protein expression of genes related with fibrosis in Control and PPARγKO podocytes. COL: Collagen; IL-6: Interleukin 6; MCP-1: Monocyte chemoattractant protein 1; 
TGFβ1: Transforming Growth factor β1. Data are shown as mean ± SEM (n = 3). *p < 0.05 versus Control podocytes. 
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NY) is a modified DHE analog derived by the addition of a triphenyl-
phosphonium group, which specifically detect mitochondrial superox-
ide in mitochondria. 50,000 events from each condition (N = 3 
experiments) were measured through flow cytometry (Beckman Coulter 
Cytomics FC500 MPL) and percentage of marked cells analyzed and 
quantified based on the modification to the protocol proposed by 
Kauffman et al. [26]. 

2.5. Measurement of cellular viability and quantification of apoptosis and 
necrosis 

This was determined with propidium iodide (PI) staining and fluo-
rescently labeled annexin V through the FITC Annexin V/Dead Cell 
Apoptosis Kit (V13242, Invitrogen, USA) by flow cytometry. PI is 

impermeant to live cells and apoptotic cells, but stains dead cells with 
fluorescence, binding tightly to the nucleic acids in the cell. After 
staining a cell population with FITC annexin V and PI, apoptotic cells 
show green fluorescence, dead cells show red and green fluorescence 
and live cells show little or no fluorescence. These populations can easily 
be distinguished using a flow cytometer with the 488 nm line of an 
argon-ion laser for excitation. This way, 50,000 events from each con-
dition (N = 3 experiments) were measured through flow cytometry 
(Beckman Coulter Cytomics FC500 MPL) and percentage of marked cells 
analyzed and quantified. 

2.6. Measurement of lipid accumulation 

Measurement of lipid accumulation in podocytes was determined by 

Fig. 6. PPARγKO podocytes presented an increased RE stress and ROS production. A: Representative micrographs of the immunofluorescence for c/EBP homologous 
protein (CHOP) in Control and PPARγKO podocytes (white arrows at stained nuclei). Magnification 400×. B: Representative photographs of the nuclei of podocytes 
incubated with Di-hydroethidium (DHE) probe and red fluorescence MitoSOX quantification by flow cytometry (n = 3 experiments); Original magnification: 200×. 
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a fluorometric assay using BODIPY TM (4,4-difluoro-3a,4adiaza-s- 
indacene) probe 493/603 (Invitrogen). BODIPY it is commonly used to 
detect intracellular neutral lipids, emitting a maximum fluorescence of 
510 nm at 665 nm. Podocytes were seeded on coverslips in 24-well 
plates and treated for 24 h with vehicle or PA, with or without BX and 
TZD. Then, cells were exposed to 50 ng/ml BODIPY dissolved in RPMI 
1640 for 30 min at 37 ◦C. Fluorescence was measured using a 40×
objective of a fluorescence microscope (Axiophot Zeiss). Finally, we 
quantified the green fluorescence of all cell and lipid droplets found per 
image (3 coverslips per treatment/3 fields/6 photographs of each) using 
image software AxioVision Software 4.6, Carl Zeiss. (N = 3 
experiments). 

2.7. Immunofluorescence 

Podocytes grown on cover slips were fixed with 4 % para-
formaldehyde. After blocking, cells were incubated with anti-Nephrin 
(Abcam Inc.), anti-Podocin (Abcam Inc.), anti-CHOP, anti-GLUT-4 
(Millipore) and anti-Perilipin 2 (Santa Cruz Biotechnology, Inc.). Sec-
ondary antibodies were FITC-conjugated. Some samples were incubated 
without the primary antibodies to serve as negative controls. The nuclei 
were visualized using DAPI dye. Photographs were captured using an 
inverted fluorescence microscope (ECLIPSE 90i (Nikon Instruments 
Europe B.V.) and Confocal microscope (FV 3000 Olympus)). GLUT4 
images of podocytes were assessed by two independent blinded ob-
servers who scored at least 100 cells per condition for cytoplasmic or 
peripheral localization. 

2.8. Statistical analysis 

Results are expressed as mean ± S.E.M. (standard error of the mean). 
Statistical differences and interactions were evaluated through a one- 
way or two-way factorial analysis of variance (ANOVA) using Kruskal- 
Wallis test. When statistically significant differences resulted at the 
interaction level, Student's–t or Mann-Whitney tests were carried out to 
compare the experimental data two by two. Differences were considered 
statistically significant at p < 0.05. The program used was GraphPad 

InStat (GraphPad Software, Inc.). 

3. Results 

3.1. PPARγ is essential for survival and maintaining podocyte 
homeostasis 

3.1.1. PPARγ is essential for the expression of key podocyte proteins and 
nuclear receptors 

Wild-type (WT) podocytes expressed PPARγ1, while PPARγ2 
expression was practically undetectable (Fig. 1A and C). Deletion of 
PPARγ in podocytes (PPARγKO) decreased the expression of key podo-
cyte proteins, essential for the establishment of slit diaphragm and the 
integrity of the glomerular filtration barrier (GFB) in the kidney, 
including nephrin (Fig. 1B and C) and podocin (Fig. 1C) compared with 
WT controls. 

As PPARγ is a nuclear receptor that forms heterodimers with RXR, we 
explored if PPARγ deletion affected the nuclear expression balance in 
PPARγKO podocytes. Nuclear receptors that heterodimerize with 
PPARγ, such as RXRα and RXRβ, together with those that dimerize with 
RXR, such as Retinoic Acid receptor α (RARα), RARβ, Farnesoid X re-
ceptor (FXR) and Vitamin D receptor (VDR) were assessed (Fig. 2A). 
Most receptors were overexpressed in a constitutive way in PPARγKO 
podocytes compared with WT-controls. Liver X receptor α (LXRα) was 
the exception with decreased expression in the PPARγKO podocytes 
(Fig. 2A). 

The mRNA expression of proteins related to the metabolism of reti-
noic acid such as the retinol binding proteins (RBP1, RBP4 and RBP7) 
were also assessed, as they are PPARγ targets [27–29]. RBP1, a cellular 
protein which stores retinol (vitamin A) and retinal at cellular level, and 
RBP4, that transports retinol in the blood, were absent in PPARγKO 
podocytes compared to the WT-control podocytes, while the RBP7, a 
cellular protein involved in lipid and whole-body energy metabolism, 
was increased (Fig. 2A). 

3.1.2. PPARγ is crucial for the regulation of lipid homeostasis in the 
podocyte 

Due to PPARγ role in lipid metabolism, we analyzed the expression of 
multiple genes and proteins involved in lipid synthesis (Fig. 3A and B), 
including Fatty Acid Synthase (FAS) and Sterol Regulatory Element- 
binding Protein (SREBP). We also studied lipid oxidation genes, such 
as Peroxisome Proliferator-Activated Receptor gamma Coactivator 1 
(PGC1α), PPARα and Carnitine palmitoiltransferase 1-α(CPT1α). ATP 
Binding Cassette Subfamily A Member 1 (ABCA1) (Fig. 3A and B). Loss 
of PPARγ significantly decreased levels of genes involved in lipid syn-
thesis (SREBP and FAS). However, changes were not so clear in lipid 
oxidation, where PGC1α decreased, CPT1α increased and PPARα did not 
change. No changes were observed in ABCA1 mRNA expression. 

We also assessed PPARγs role in lipid droplets formation in the 
podocytes. We analyzed the size and number of lipid droplets by a 
fluorometric assay using BODIPY in both cell lines. PPARγKO podocytes 
had significantly increased numbers of large droplets compared to 
control podocytes (Fig. 3C). This effect was accompanied by an increase 
of Perilipin 2 (PLIN2), a protein involved in the formation and stability 
of the lipid droplets, in PPARγKO podocytes (Fig. 3D). 

3.1.3. Deletion of PPARγ prevents PA-induced insulin resistance through 
decreased fibrosis 

Since PPARγ also regulates the expression of genes involved in 
glucose metabolism, we assessed if the deletion of PPARγ had any effect 
on insulin sensitivity. In basal conditions the PPARγKO podocytes 
exhibited an increase in PI3K signaling as shown by the ratio of insulin 
stimulated pAKT/tAKT (Fig. 4A) and increased translocation of the 
glucose transporter 4 (GLUT 4) from the cytoplasm to the cell membrane 
(Fig. 4B). Under PA conditions control podocytes had a reduced insulin 
stimulated pAKT/tAKT levels, together with lack of translocation of 

Fig. 7. PPARγKO podocytes presented a decline in cellular viability and an 
increased death by apoptosis. A: Representation of percentage of cell lives and 
death by apoptosis or necrosis measured with propidium iodide staining and 
annexin V by flow cytometry; B: Protein expression of antiapoptotic protein B- 
cell lymphoma 2 (Bcl-2). *p < 0.05 vs. Control podocytes. 
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GLUT-4 to the membrane in response to insulin compared to basal 
conditions. Interestingly, PPARγKO podocytes exposed to PA had a 
marked increase in the pAKT/tAKT levels (Fig. 4A) and GLUT4 plasma 
membrane translocation in response to insulin suggesting increased in-
sulin sensitivity in this situation (Fig. 4B). 

Under basal conditions, the mRNA expression of inflammatory 
markers, Interleukin-6 (IL-6) and Monocyte chemoattractant protein 1 
(MCP-1) and protein levels of TNFα and PAI-1 by Western blot, were 
unchanged in PPARγKO compared to control podocytes (Fig. 5A and B). 

Despite no effect on inflammation, we also wanted to know the effect 
of PPARγ deletion on fibrosis-related proteins. Transforming Growth 
factor β1 (TGFβ1) and Collagen 3 had decreased mRNA and protein 
expression in the PPARγKO podocytes compared with control podocytes 
(Fig. 5C and D). 

3.1.4. Deletion of PPARγ increases ROS production, ER stress and 
apoptosis in podocytes 

At baseline, PPARγKO podocytes showed increased translocation of 
CHOP (CCAAT/enhancer-binding protein homologous protein), a 
marker of ER stress, to the nucleus compared to control podocytes 
(Fig. 6A). This increase was accompanied by a significant increase in 
ROS production, measured by Di-hydroethidium (DHE) and MitoSOX 
probe in the PPARγKO podocytes under basal conditions (Fig. 6B). We 
also observed a significant increase in cell death due to increased 
apoptosis, but not necrosis (Fig. 7). 

3.2. The use of a combination therapy promotes a reduction of PA 
induced damage in podocytes 

We treated PPARγKO podocytes with a combination of low-dose 
TZD + BX and studied this effect after exerting lipotoxic damage with 
palmitic acid (PA), taking as controls the recommended doses for both 
pioglitazone (TZD) and Bexarotene (BX). 

3.2.1. TZD and BX rescue the changes in glucose metabolism, insulin 
resistance and inflammation in podocytes treated with PA 

In WT-control podocytes exposed to PA we found that that both BX or 
TZD independently, as well as the half-dose combination therapy (TZD 
+ BX) reduced inflammation as shown by the decline in TNFα and PAI-1 
expression after PA treatment (Fig. 8A). 

Furthermore, these treatments were able to rescue the PA induced 
insulin resistance as evidenced by enhanced pAKT levels (Fig. 8B) and 
improved insulin stimulated GLUT4 membrane translocation (Fig. 8C). 

3.2.2. TZD and BX promote intracellular accumulation of palmitic acid in a 
small number of large lipid droplets in podocytes 

PA promoted the formation of many small lipid droplets inside the 
WT-podocytes (Fig. 9A). However, when we treated with PA accompa-
nied with BX or/and TZD, less but larger lipid drops were observed. This 
was checked by measurement and quantification of Bodipy staining 
(Fig. 9A) and by immunofluorescence of perilipin 2 (Fig. 9B). 

Fig. 8. TZD and BX recovery the changes in glucose 
metabolism, insulin resistance and inflammation in 
podocytes treated with PA. A: Protein expression of 
inflammatory related genes: TNFα and PAI-1 in 
podocytes treated 24 h with vehicle, PA, and TZD, BX. 
B: Representative immunoblot and quantification of 
pAkt(Ser473) protein extracts of PA-treated podo-
cytes plus 100 nM insulin. Levels were normalized to 
total protein kinase B (tAkt), i.e., pAkt/tAkt; (n = 3 
experiments). C: Representative photographs of 
immunohistochemistry of glucose transporter-4 
(GLUT 4) (n = 3 experiments); White arrows show 
GLUT4 in cytoplasm or translocated to membrane by 
insulin signaling. Original magnification: 400×; *p <
0.05 versus VH; BX: Bexarotene; I: Insulin; PA: Pal-
mitic acid; PAI-1: Plasminogen activator inhibitor 
type 1; TNFα: Tumor necrosis factor alpha; TZD: 
Thiazolidinedione.   
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3.2.3. TZD and BX decrease ER stress, ROS production and apoptosis in 
PA-treated podocytes 

We observed that DHE fluorescence (a marker of superoxide pro-
duction) was back to basal levels after treatment of PA + BX and com-
bined treatment of PA + BX + TZD, but not after PA + TZD treatment 
alone (Fig. 10A). Moreover, the levels of ER stress were reversed in all 
three pharmacological treatments (Fig. 10B), as was shown by the 
presence of CHOP in the cytoplasm. 

In addition, while treatments with BX or TZD alone were not able to 
significantly decrease apoptosis a combination of both agonists 
appeared to exert a synergistic effect, as it lowered apoptosis measured 
by flow cytometry through Annexin-V FITC and PI. Staining (Fig. 11A) 
and recovery of the antiapoptotic protein Bcl-2 level (Fig. 11B). 

4. Discussion 

PPARγ is a nuclear hormone receptor expressed in kidney podocytes. 
Our results show that PPARγ is essential for podocyte function since its 
deletion decreases levels of podocin and nephrin, two crucial proteins 
for correct formation of the slit diaphragm and for the maintenance of 
the glomerular filtration barrier. Furthermore, deletion of PPARγ pro-
moted a dysregulation of nuclear receptors expression and lipid ho-
meostasis, with lipid accumulation in the form of large lipid droplets. 
Moreover, PPARγKO podocytes showed an increased basal level in ROS 
production, ER stress and a loss of cell viability due to increased 

apoptosis. Despite all these effects, PPARγKO podocytes lacked an in-
flammatory response and appeared to have improved insulin sensitivity. 

These results lead us to speculate that PPARγ is essential for podocyte 
function and is a major regulator of lipid metabolism, through the 
accumulation of lipid droplets, reticulum stress and inflammation. The 
podocyte-specific deletion of PPARγ in mouse also shows a decrease in 
nephrin expression and develops proteinuria at 3 months of age [30,8]. 

We found that podocyte PPARγ deletion also caused a significant 
increase in the expression of RXR, its heterodimerization partner, most 
probably to compensate for the loss of PPARγ expression. This increase 
in RXR expression matched the appearance of large lipid droplets inside 
the cell of PPARγKO podocytes. We also found these large lipid droplets 
in WT-control podocytes that had been stimulated with RXR and TZD 
agonists. The appearance of lipid droplets of a certain size could be 
related to the sensitivity of the cells to insulin. From our work large 
droplets were associated with insulin sensitive cells and those cells with 
more, smaller droplets were insulin resistant. Although there are studies 
that relate to the damage effect of lipid accumulation inside podocytes 
[31,32], in recent years an emerging opinion considers that lipid drop-
lets can act in a bidirectional way, both as a sink of lipids to control 
cellular stress or as a source to produce lipid mediators [33]. The role of 
the lipid droplets within the podocyte is still unclear. In our study we 
show that they seemed to exhibit a protective mechanism since they 
stored an excess of lipids that could be harmful for the mitochondria, for 
example unfolded proteins or APOL1 risk variants as previously shown 

Fig. 9. TZD and BX promote intracellular accumula-
tion of palmitic acid in a small number of large lipid 
droplets in podocytes. A: Representative BODYPI 
staining in podocytes and colour quantification after 
dye elution (n = 3 experiments), original magnifica-
tion: 400×. *p < 0.05 versus VH; **p < 0.01 vs. VH; 
***p < 0.001 vs. VH. PA: Palmitic acid; BX: Bexar-
otene; TZD: Thiazolidinedione. B: Representative 
photographs of immunohistochemistry of Perilipin 2 
(n = 3 experiments); White arrows show perilipin 2 in 
lipid droplets inside podocytes Original magnifica-
tion: 400×; VH: Vehicle; PA: Palmitic acid; BX: Bex-
arotene; TZD: Thiazolidinedione.   
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[34]. 
In addition, the PPARγKO podocytes showed increased expression 

levels of nuclear receptors that heterodimerize with RXR such as VDR, 
FXR and RARα. LXRα is the isoform of LXR receptor that is highly 
expressed in the kidney, liver, adipose tissue, intestine, and macro-
phages. This receptor is involved in preventing cellular cholesterol 
accumulation and has several coactivators including PGC-1α [35]. In 
PPARγKO podocytes we found a decrease in its coactivator PGC-1α and 
LXR, probably related to the appearance of large lipid droplets in the 
cell. In the case of RAR, which heterodimerizes with RXR, it has been 
described that overexpression is related to liver damage and the forming 
of insoluble lipid droplets in the liver [35,36]. Further investigation is 
needed to determine which one is responsible and contributes in a 
higher degree to the lipid droplet formation. 

In recent years, several studies have shown the benefits of vitamin D 
on kidney by its pleiotropic effects. In this regard, it has been seen that 
VDR activation has beneficial effects, such as antiproteinuric effect, due 
to direct protective action on the podocyte, decreasing inflammation, 
apoptosis, preserving mitochondrial morphology and modulating TGFβ 
in animal models of glomerular disease [37–39]. The increased VDR 
mRNA expression could also help to explain the lack of inflammation 
observed in PPARγKO podocytes. Conversely, FXR is involved in lipid 
metabolism and inflammation [40]. It has been seen that FXR/RXR 
regulates CHOP expression, suggesting a beneficial and protective effect 

of its activation [40]. This may explain why in PPARγKO podocytes, 
which have constitutively high FXR expression, levels of CHOP did not 
decrease as they did in control podocytes after pharmacological treat-
ment with TZD or BX. 

Unexpectantly, we found that the PA treatment of PPARγKO podo-
cytes did not result in the development of insulin resistance compared to 
PA stimulated WT-control podocytes [41,42]. This may be explained as 
PPARγ mutations in humans and the deletion of PPARγ in murine 
models lead to the development of type 2 diabetes (T2D) [43,44]. 
However, murine PPARγ heterozygotes have improved insulin sensi-
tivity [41,45,46] and are protected from the hepatic steatosis and renal 
injury induced by a high-fat diet [36]. Consistent with this, the human 
polymorphism Pro12Ala in PPARγ2, which moderately reduces the 
transcriptional activity of PPARγ, has been shown to improve insulin 
sensitivity [46]. Our results showed that PPARγKO podocytes lost the 
expression of RBP1, a protein involved in the transport of retinol [47], 
and RBP4, a protein that transports retinol in circulation and in both 
cases, the loss of their expression was related to increased insulin 
sensitivity. It has been shown that RBP1KO mice remain more glucose 
tolerant and insulin sensitive during high-fat-diet feeding [28,47]. 
Similarly RBP4-KO mice are more insulin sensitive and lowering RBP4 
protects from HFD-induced insulin resistance [48,49]. These two pro-
teins RBP1 and RBP4, along with RBP7 are target genes of PPARγ 
[27,28,50]. These results require more in-depth and future research. 

Fig. 10. TZD and BX decrease ER stress and ROS production 
in PA-treated podocytes. (A) Representative photographs of 
the nuclei of podocytes incubated with Di-hydroethidium 
(DHE) probe and red fluorescence quantification is 
expressed in arbitrary units (A.U.) (n = 3 experiments), *p <
0.05 versus VH; original magnification: 200×; (B) Repre-
sentative micrographs of the immunofluorescence for c/EBP 
homologous protein (CHOP) in podocytes treated 24 h with 
VH, PA, TZD, BX or both (white arrows at stained nuclei). 
VH: Vehicle; PA: Palmitic acid; BX: Bexarotene; TZD: Thia-
zolidinedione. Magnification 400×.   
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Given the benefit that PPARγ seems to have in the podocyte and the 
nephroprotective effect of the activation of this nuclear receptor by its 
agonists TZDs [15,51], it has side effects limiting its use. For TZDs these 
include edema, osteoporosis, and bladder cancer [15]. For this reason, 
we tested the effect of Bexarotene (BX), a selective retinoid X receptor 
(RXR), which heterodimerizes with PPARγ. We found that BX treatment 
of PA damaged WT-control podocytes caused a significant increase in 
genes related to lipid synthesis. This increase was accompanied by a lack 
of recovery of ABCA1, a regulator of vesicular secretion of phospholipids 
and cholesterol [19,52,53], and an increase of Perilin2, which could 
explain why the treatment with BX promotes the formation of large lipid 
droplets observed in these cells. Conversely, the treatment with BX of 
WT-control PA-injured podocytes resulted in an increase in genes 
involved in β-oxidation of fatty acids. This was also observed to a lesser 
extent in PA WT-control treated with TZDs, leading to the decrease in 
oxidative stress shown in the treatments tested. 

Our studies examining the combined use of low dose BX and TZD in 
PA podocyte damage agreed well with those who described the benefi-
cial role of this combination in other situations [19,52,53]. Previously, 
the synergistic effect of BX and TZD has been proved to avoid the TZD 
tumorigenicity, which need to be added to the other desirable effects on 
inflammation and the vasculature, edema and weight gain. These data 
support the idea of using a combined therapy, which would allow 
reducing the dose of both agonists to potentially avoid their side effects. 
To the best of our knowledge, this is the first work where a combined 

therapy has been tested in podocytes in this setting. Our results show 
that combination therapy reduced oxidative, ER stress and apoptosis 
while restoring insulin sensitivity after lipotoxic damage in podocytes. 
This is similar to the combination treatment with rexinoid and TZD that 
prevents insulin resistance in cells isolated from the liver of the HFD fed 
rabbits [54]. 

5. Conclusions 

PPARγ is crucial for podocyte function. Here, PPARγ participates in 
the adaptation to lipid overload of these cells by inducing pathways for 
catabolism, utilization in biosynthetic pathways, and storage in lipid 
droplets. PPARγ deletion leads to a dysregulation of the expression of 
other nuclear receptors, mainly RXR. Treatment with low-dose com-
bined therapy of PPARγ and RXR agonists has a protective effect for the 
podocyte and appears to act synergistically on these cells. The use of a 
combination therapy of TZD and RXR agonists could be an alternative 
for the treatment of kidney disease associated to obesity. However, 
further investigation is needed to understand the dependence between 
different nuclear receptors. This would allow reducing the doses of the 
drugs and potentially reduce their side effects to enhance the recovery of 
the internal lipid balance and to improve the inflammatory state of the 
podocyte. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbalip.2023.159329. 
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experiments. 
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